In this protocol, we describe a procedure to generate 'Dna dumbbells'-single molecules of Dna with a microscopic bead attached at each end-and techniques for manipulating individual Dna dumbbells. We also detail the design and fabrication of a microfluidic device (flow cell) used in conjunction with dual optical trapping to manipulate Dna dumbbells and to visualize individual protein-Dna complexes by single-molecule epifluorescence microscopy. our design of the flow cell enables the rapid movement of trapped molecules between laminar flow channels and a flow-free reservoir. the reservoir provides the means to examine the formation of protein-Dna complexes in solution in the absence of external flow forces while maintaining a predetermined end-to-end extension of the Dna. these features facilitate the examination of the role of 3D Dna conformation and dynamics in protein-Dna interactions. preparation of flow cells and reagents requires 2 days each; in situ Dna dumbbell assembly and imaging of single protein-Dna complexes require another day.
IntroDuctIon
Single-molecule microscopy has been instrumental in revealing the behavior of individual nucleic acids and proteins. Since the initial trapping and observation of a single DNA molecule nearly 20 years ago 1,2 , instruments have been extensively customized and adapted in order to visualize the dynamics of individual molecular assemblies. Direct imaging of these assemblies has required the use of high-sensitivity fluorescence microscopy 3 . In all cases, either the nucleic acid or the protein is immobilized to confine its motion, thus enabling detection of a fluorescently labeled target molecule. Information about the target molecule and/or molecular assembly can be gleaned from the intensity of the fluorescence or from its spatial localization. Molecules can be tethered to the surface of a flow cell, to a microscopic bead (plastic, glass, or magnetic) or both. The tethering of nucleic acids to microscopic beads and the manipulation of the tethered molecule with optical tweezers is a particularly versatile approach that can enable direct visualization of both protein binding to DNA and actions of enzymes [4] [5] [6] [7] [8] .
Because unconstrained DNA has a worm-like coil structure 9 , imaging of DNA or of proteins bound to the DNA generally requires the DNA to be extended to nearly its contour length in the focal plane, although it has recently been established that a single fluorophore on double-stranded DNA (dsDNA) can be tracked with ~10 nm accuracy by applying at least 1 pN of force to suppress Brownian fluctuations of the DNA 10 . The first imaging of DNA used the force produced by solution flow to extend the DNA 1, 2 . With a DNA molecule attached to a microsphere and captured in an optical trap, the force generated by solution flow is sufficient to extend DNA and to maintain it in the plane of focus for observation ( Fig. 1) . Two optical traps can also be used to capture beads tethered to opposite ends of the DNA molecule to form a 'DNA dumbbell' , and to maintain the DNA in an extended conformation in the absence of solution flow (Fig. 1b) . An alternative to optical trapping is to tether DNA possessing a modification at one end to the surface of a flow cell. In this case, the forces from continuous buffer flow can be used to maintain a singly tethered DNA molecule in an extended conformation for observation by total internal reflection fluorescence (TIRF) microscopy ( Fig. 1c) . Alternatively, a DNA molecule with modifications at both ends can be captured in an extended conformation by using buffer flow during the attachment process. In this case, a DNA end randomly attaches to the surface of the flow cell, the DNA extends by flow, and then the other end attaches to the surface; in this way, the attached DNA remains extended even after buffer flow is stopped (Fig. 1d) .
Development of the protocol
We attempted to use DNA extension-based approaches to investigate how the RecA protein carries out the sequence-specific search for DNA homology between a single-stranded DNA(ssDNA) molecule on which it is assembled and a dsDNA target molecule 11 . Unexpectedly, we discovered that when the dsDNA was extended to near-contour length, we did not observe any interaction between the RecA-ssDNA complex and its dsDNA target. This lack of interaction was observed in both optical trapping experiments using flow extension of DNA and in methods using DNA surface tethering. Surprisingly, we discovered that for the homology search and DNA pairing by RecA to be productive, the target DNA needed to be in a coiled state. To investigate the effect of 3D conformation of the target DNA on the search process, a method was thus needed to accurately manipulate the end-to-end distance of the DNA. Most notably, we needed a strategy in which the reactions could take place in the absence of flow in order to allow the molecular components to assume conformations unaffected by the forces associated with buffer flow. We therefore designed a protocol that enabled us to assemble DNA dumbbells in situ and to accurately control their end-to-end distances. This protocol also gave us the opportunity to perform biological reactions in a chamber that was devoid of flow.
We designed an approach wherein a DNA dumbbell is readily assembled in situ within a flow cell, and the end-to-end distance of the DNA is accurately controlled via two optical traps. In this approach, reactions can take place in the absence of buffer flow, permitting interactions between proteins and DNA to take place unaffected by the forces associated with fluid flow.
The strategy we developed makes use of a fluorescence microscope configured with a dual optical trap and the unique customfabricated flow cell shown in Figure 2 . The flow cell consists of four input channels that converge into a single common channel (Fig. 2a) . A novel design element of this flow cell is the separate chamber called a reservoir that is connected to the common channel by a small passage. The reservoir has its own independent inlet for the manual introduction of reaction components. Importantly, the reservoir is a flow-free region that is unaffected by the buffer flowing in the other four channels (Fig. 2c) . Buffers are continuously pumped into the four channels with a single syringe pump.
Because the flow is laminar, there is no mixing of the liquids in each of the four channels; separation of reagents is therefore maintained after the convergence of the individual channels into the common channel owing to the very low Reynolds number of the solution under flow 12, 13 (Fig. 2c) . The Reynolds number is a parameter used in fluid mechanics to characterize whether the flow of fluid (or gas) is laminar or turbulent.
A key element of our strategy is the design of the flow cell, which incorporates the desirable properties of a multichannel laminar flow cell, but which also has a flow-free chamber in which reactions take place in an environment devoid of flow forces. The laminar flow channels allow for the rapid movement of optically trapped molecules between solutions containing different components. Specifically, in this protocol, we detail the use of the independent flow channels to assemble in situ, in a stepwise manner, a DNA dumbbell comprising a single phage λ DNA molecule with a 1-µm polystyrene bead at each end, attached via biotin-streptavidin interactions (Fig. 1b) . After the DNA dumbbell is assembled, the 3D conformation, which is defined by the endto-end distance of the trapped molecule, can be adjusted by moving the position of one of the optical traps (Fig. 1e) . Once the desired distance is set, the DNA dumbbell can be quickly moved into the flow-free reservoir that contains desired reaction components. After a defined incubation time in the reservoir, the DNA dumbbell is moved back into the common channel and is extended to nearcontour length for observation and analysis. When an interaction occurs, a fluorescent complex is detected at the target site on the DNA dumbbell (Fig. 3) . Therefore, using our protocol, biochemical reactions between proteins and single DNA molecules with defined biophysical characteristics are readily visualized using simple stepwise incubations in adjacent flow channels and a flowfree reservoir.
As an example, we describe here a homology search experiment performed in our laboratory, in which RecA-ssDNA nucleoprotein filaments interact with a λ DNA target molecule (the DNA dumbbell). The interaction forms a homologously paired complex at the site of sequence complementarity between the ssDNA within the RecA filament and the target dsDNA molecule. In the Reagent Setup section, we provide detailed protocols for preparing the λ DNA with biotinylated ends, fluorescent ssDNA and RecA nucleoprotein filaments. The PROCEDURE section describes both the in situ assembly of a DNA dumbbell and the reaction of this DNA dumbbell with RecA nucleoprotein filaments in flow-free conditions in order to form stable homologously paired protein-DNA complexes.
Comparison with other methods
Several single-molecule microscopy methods involve maintaining the target DNA molecule in an extended conformation as described above. For example, the use of combined optical trapping and multicolor fluorescence microscopy has enabled investigations of the role of tension in the disassembly of RAD51 nucleoprotein filaments from trapped DNA, and also of the structural transitions of DNA under tension 14, 15 . However, extension-based methods are not ideal for investigating some biological processes, such as the mechanism of sequence-specific target location within a DNA molecule by a protein, in which the 3D geometry of the DNA target is important. The 3D conformational states of the DNA that involve looping or intersegmental transfer require the DNA to be flexibly unconstrained and to have the conformation freedom to assume all of its coiled structural states. These coiled conformations permit distal segments of DNA to approach one another in space, and they can facilitate interactions between protein and DNA by intra-or intermolecular motions of the distal DNA segments [16] [17] [18] [19] .
Applications of the method
This protocol should prove useful in visualizing the movements and intermediates of protein-nucleic acid complexes involved in a variety of cellular transactions, such as replication, recombination, repair, transcription and translation. In particular, the application of these methods to the study of processes, such as target searching by proteins involving 1D versus 3D facilitating mechanisms 20 , and the effects of DNA dynamics and chromosome structure on such search strategies, in which the geometries of the DNA (or other polymers) are expected to have a major impact, should be especially illuminating.
Limitations
Because our flow cell fabrication process involves laser etching and mechanical abrasion, these microfluidic devices may not be compatible with experiments requiring optically clear surfaces on both the top and bottom surfaces of the flow cell, such as those needed for precise force measurements using forward scattered light detection 8, 14, 15 . Our flow cells were not characterized for this application. However, for our applications, because the optical traps are used only to hold a DNA molecule in various extended conformations and then to extend it in order to more accurately determine the position of a DNA-bound protein complex, precise control of DNA tension is not necessary.
Measurement of both center-to-center bead positioning and relative position of stably bound molecular assemblies is performed by analyzing digitally captured epifluorescence images of the beads and of the molecular complexes without performing a subpixellevel analysis. Therefore, the resolution limit of this protocol will be determined by the diffraction limit or the pixel size of the image (~160 nm for the camera described in Equipment Setup). However, adaptation of our existing protocol to include more accurate Gaussian localization is certainly feasible 10, 13 .
Another limitation of our design is that imaging requires detection by epifluorescence. Consequently, when the fluorescence background is high because of a high concentration of fluorescent biomolecules, the reaction between fluorescent proteins and the dsDNA cannot be followed in real time.
Experimental design
To fabricate the custom glass flow cells that are necessary for this protocol and that could be readily adapted to other applications, we used relatively straightforward and accessible fabrication tools: a combination of CO 2 laser etching and fine abrasive blasting. Many alternative fabrication processes exist that can be used to create microfluidic devices. They range from simple single-channel designs using double-sided tape to bond a cover glass to a microscope slide to extremely precise methods involving lithography techniques adapted from the electronics industry 12, 13, 21 .
If a modified flow cell design is required for a specific experiment, then the relevant diffusion length scales for the molecules of interest need to be calculated and considered. These distances are important when deciding the location of the channel convergence relative to the position of the flow-free reservoir (Fig. 2a) . A detailed discussion of these inter-related design issues is beyond the scope of this introduction, but readers are referred to the articles by Amitani et al. 13 and Brewer et al. 12 for quantitative discussions of diffusion between channels in microfluidic devices with laminar flow properties. Simply stated, the practical conclusion from these design considerations is that the reservoir should be placed as close as is permitted by physical attributes of the flow cell both to the location of channel convergence and to the position of optical trapping. For the flow cells fabricated in this protocol, a workable distance is 1.5 mm distal to convergence of channel 4 into the common channel (Fig. 2a) . A short distance between the convergence of all the channels and the location of the reservoir is especially important when considering the diffusion between channels of small molecules, such as salts, fluorescent dyes and nucleotides. If the trapping position and reservoir inlet are too far downstream from the convergence of input channels, then diffusion of these critical components can lead to the contamination of neighboring laminar flow channels and the reservoir.
MaterIals

REAGENTS
 crItIcal When no manufacturer is specified, any high-quality reagent can be used. 3. Terminate the reaction by the addition of 0.6 µl of 0.5 M EDTA (final concentration 10 mM), followed by incubating the reaction mixture at 75 °C for 20 min to achieve heat inactivation of Klenow. 4. Dilute the reaction to a final volume of 100 µl with water and pass it through an S-400 spin column equilibrated with TE buffer to remove free unincorporated nucleotides.  pause poInt λ DNA with biotinylated ends can be prepared ahead of time and stored in TE buffer at 4 °C for several months.
Box 2 | Preparation of fluorescent ssDNA homologous to  DNA • tIMInG 2 d
Alkali denaturation in combination with the single 5′ biotin incorporated from the forward primer in the PCR reaction is used to produce ssDNA from the fluorescently labeled duplex PCR product. EQUIPMENT SETUP Microscope Many published protocols exist for the construction of a suitable optical trapping microscope (for example, see Amitani et al. 13 and Lee et al. 22 ). The instrument we constructed in this protocol was developed from a Nikon Eclipse TE2000-U platform with a TIRF attachment (Nikon), equipped with a CFI Plan Apo TIRF ×100, 1.45 numerical aperture (NA), oil-immersed objective 13 ; a schematic view of this setup is shown in Figure 4 . Temperature in the flow cell is regulated using a brass collar wrapped with copper tubing, which is custom-made to fit over the objective and is connected to a circulating water bath. The temperature is continually monitored using a thermistor in the collar. Translation of the stage in the x-y plane, to move both traps to different positions in the flow cell, is achieved by our group by means of an ASI stage controller (MS-2000). The ASI stage controller is also used to focus on the objective. Infrared trapping is achieved as previously described 13 ; the addition of a faststeering mirror (FSM-300, Newport) enables the control of the x-y position of one of the laser beams. Fluorescence excitation of the sample is achieved with an X-Cite 120-W mercury vapor lamp guided through an excitation filter to a dichroic mirror (Chroma, cat. no. z488/551 RPC c93977). Light emitted from the sample is focused into a Dual-View emission splitting system (Optical Insights), in which the green and red components are spatially separated by a dichroic cube (565dxcr, containing two emission band-pass filters, HQ515/30 nm and HQ600/40 nm (Chroma)). Real-time observation and frame capture are performed with a DU-897E iXon charge-coupled device (CCD) camera (Andor, 100-ms exposure) and processed using the iQ imaging software (Andor) by pseudocoloring the images from each respective channel (red or green) and overlaying the channels to produce color images and videos.
Generation of pcr products
Box 3 | Preparation of RecA nucleoprotein filaments • tIMInG 1.5 h
1. Purify RecA and SSB as previously described 26, 27 . 2. Form nucleoprotein filaments by preparing a 50-µl reaction mixture containing 25 mM Tris acetate (pH 7.5), 1 mM DTT, 1 mM ATPγS, 4 mM MgCl 2 , SSB at a ratio of 1 SSB monomer per 11 nt of ssDNA and 2 nM fluorescent ssDNA (as adapted from Menetski et al. 28 ). 3. Incubate the mixture for 10 min at 37 °C. 4 . Add RecA at a ratio of 1 RecA per 1.7 nt of ssDNA. 5. Continue incubation for an additional 1 h at 37 °C. The nucleoprotein filaments need to be prepared on the day of use during
Step 29 of the PROCEDURE, and are stored at 4 °C until they are loaded into the flow cell for the experiment.
Box 2 | (continued)
Fluorescent labeling of the pcr products • tIMInG 2.5 h 5. Prepare a 20-µl reaction mixture containing 10-20 µg of the PCR-generated DNA containing the amine-modified nucleotide 5-(3-aminoallyl) dUTP, 200 mM sodium bicarbonate (pH 9.0) and 5 mM ATTO565 NHS ester. Incubate the mixture for 1-2 h at 25 °C, ensuring that the solution is not exposed to light during incubation. 6. Add 180 µl of water to bring the total volume to 200 µl. Purify the fluorescently labeled DNA to remove excess free label with the QIAquick PCR purification kit.  pause poInt The purified, labeled DNA is stable for several months when it is stored at 4 °C in elution buffer from step 6, until it is used for the strand-separation step.
Denaturation and purification of fluorescently labeled ssDna • tIMInG 3.5 h 7. Pellet 800 µl of resuspended avidin-agarose slurry (~400 µl of settled gel, see the manufacturer's insert for additional information) in a 1.5-ml Eppendorf tube by centrifugation (carried out in a benchtop microcentrifuge at 4,500 g for 1 min), and then wash it three times by repeated centrifugations in 1 ml of WB buffer. 8. Dilute approximately 10-20 µg of fluorescently labeled biotinylated dsDNA (from the PCR reaction above) to a 1-ml final volume with WB buffer. 9. Add the diluted DNA solution to the washed avidin-agarose pellet and mix end over end (the tube is rotated on an end-over-end rotary mixer) at room temperature for 1 h, ensuring that the solution is not exposed to light. 10. Pellet avidin-agarose-DNA by centrifugation as in step 7, and wash it three times with 1 ml of WB buffer to remove any unbound DNA. 11. Elute the nonbiotinylated strand of DNA via alkaline denaturation by the addition of 200 µl of denaturation buffer to the pelleted agarose and by mixing end over end for 10 min at room temperature. 12. Transfer the slurry obtained from the previous step to an empty micro-spin column and centrifuge it in a benchtop microcentrifuge at 4,500g for 1 min to recover the eluted ssDNA. 13. Use a QIAquick PCR purification kit to concentrate the ssDNA and to replace the denaturation buffer with 10 mM Tris-HCl (pH 8.5, use buffer EB provided with the kit). This eluate is the purified fluorescently labeled ssDNA in TE buffer. 4| Etch the channel design using raster mode (Fig. 5b) . The specific settings to obtain a channel depth of 100-200 µm need to be optimized for the specific laser-etching instrument. We have determined the settings for the Epilog Mini 24 with a 30-W laser to be as follows: resolution 1,200 d.p.i., speed 20% and power 100%. ? trouBlesHootInG 5| Transfer the laser-etched microscope slide to the abrasive blast cabinet.  crItIcal step The LaserMask protective film must remain in place throughout this step to ensure that only the desired features of the flow cell that were etched with the laser are exposed to abrasive blasting.
6|
Position the blasting gun ~5 cm above and perpendicular to the surface of the laser-etched microscope slide. Gently blast the top surface of the microscope slide with a side-to-side sweeping motion to remove residual laser-ablated glass. A 220-grit or finer blasting medium should be used for this step.
7| Use a dissecting microscope or magnifying glass to inspect the etched channels in order to ensure that all of the laserablated glass is removed (Fig. 5c,g ). ? trouBlesHootInG
8|
Create holes for inlet and outlet ports in the microscope slide. Two options are possible for producing 1.5-mm-diameter holes through the slide (positions indicated in red in Fig. 5a , and drilled in Fig. 5e ). Holes can be drilled via laser etching (option A) or mechanical drilling (option B). Laser etching is slower because of the many repeated passes needed to cut through the entire thickness of the microscope slide; however, laser etching is more precise and less likely to cause the microscope slide to break. Mechanical drilling is faster, but is more likely to cause the microscope slide to crack or break because of the pressure exerted by the drill or the heat generated from friction. 
10|
Submerge the microscope slide in 1 M NaOH for 1 h; next, rinse the slide thoroughly with water and then with ethanol.
11|
Clean the cover glass by implementing the same procedure described in Step 10.  crItIcal step For optimal bonding of the adhesive, both the microscope slide and the cover glass must be free from contaminants.
12|
Place the microscope slide, etched channels facing upward, onto a heat block set to 70 °C. Heating the glass lowers the viscosity of the optical adhesive and accelerates the flow of adhesive by capillary action between the microscope slide and cover glass.
13|
Align and place the cleaned cover glass on top of the microscope slide over the etched channels.
14|
Using a small-volume pipette, transfer ~20 µl of optical adhesive to the four corners of the cover glass (Fig. 6a) . Allow the adhesive to flow between the two pieces of glass via capillary action (Fig. 6b) . 15| Add extra adhesive as needed; this is a slow process and will take 20-30 min to complete.  crItIcal step Patience is essential; if this step is rushed, the addition of too much adhesive too quickly can result in the adhesive flowing into and filling the etched pattern.
? trouBlesHootInG 16| Cure the adhesive by exposing the slide and cover assembly to a 100-W high-pressure mercury plasma arc discharge lamp (100-W HBO lamp): place the assembly at a distance of 30 cm from the lamp for 20 min. The adhesive has a peak absorbance between 325 nm and 365 nm, and the recommended energy required for full cure of the adhesive is 4.5 J cm − 2 .
17| Place the ultraviolet-cured flow cell at 50 °C for 12 h in an oven or on a heat block for optimal curing. Additional technical information regarding optical adhesive no. 74 can be found at http://www.norlandprod.com/adhesives/ NOA%2074.html.
18|
Attach PEEK tubing to create inlet and outlet ports. Cut a 2-cm length of tubing for each inlet and outlet port of the flow cell (six pieces in the case of the design presented here).
19|
Taper the end of each piece of tubing that will be inserted into the holes that were drilled in the microscope slide (Fig. 5h) . The end of the sharpened tip may need to be cut off so that it does not extend through the channel and touch the cover glass on the opposite side of the flow cell. This stratagem ensures a tight fit between the tubing and the microscope slide.
20|
Insert the tapered tubing into each of the inlet and outlet holes in the microscope slide.
21|
Apply epoxy so as to form a securing seal around the PEEK tubing where it meets the microscope slide, and cure the epoxy overnight according to the manufacturer's instructions (Fig. 5f) .  pause poInt Assembled flow cells can be stored indefinitely at room temperature, as none of the components seem to degrade with time. We have stored assembled flow cells for over 1 year with no effect on their functionality.
attachment of the assembled flow cell to the microscope and fluid priming • tIMInG 30 min 22| Attach the completed flow cell to the microscope stage and connect the inlet channels to the syringe pump. Connections to 1,000-µl glass Hamilton Luer-lock syringes on the syringe pump can be made via three-way valves (Fig. 7a) . Use PEEK tubing and short pieces of silicone tubing to act as connectors between the two ends of the PEEK tubing (Fig. 7b) .
23|
Connect an outlet channel of the flow cell-the waste line-to a suitable waste container that will collect the solutions as they exit the flow cell. Use PEEK tubing and short pieces of silicone tubing to act as connectors between two ends of PEEK tubing (Fig. 7b) .
24| Connect a 50-µl syringe containing degassed flow cell cleaning buffer to the reservoir inlet and manually depress the plunger on the syringe. Alternatively, a holder with a screw can be fabricated to mount the syringe on the microscope stage (Fig. 8) .
25| Load 1 ml of flow cell cleaning buffer into each of the four inlet syringes.  crItIcal step At this stage, it is crucial to degas all buffers and solutions that will be introduced into the flow cell to minimize the formation of air bubbles. 26| Mount the syringes containing flow cell cleaning buffer on the syringe pump, attach inlet tubing and inject the cleaning solutions at a rate of 5,000 µl h − 1 to both clean the glass surface and remove air bubbles. 
27|
31|
Connect the syringes to the appropriate valves and prime the flow cell by pumping 200 µl of the solutions at a rate of 2,000 µl h − 1 (~6 min).
32|
Decrease the flow rate to maintain a linear velocity of 100 µm s − 1 at the focus of the optical trap within the flow cell.
33|
Fill the syringe connected to the reservoir with 50 µl of the RecA nucleoprotein filaments (Box 3).
34|
Manually prime the reservoir with the RecA nucleoprotein filaments by flushing the reservoir with at least 25 µl of the mentioned mixture.
35|
Use bright-field illumination to position the flow cell on the microscope. Move the flow cell, by adjusting the microscope stage, to a location where the center of the reservoir along the x axis and the outer edge of channel 1 along the y axis (Fig. 9d) are positioned in the center of the field of view of the microscope (Fig. 9d) . This position is designated 0, 0 (all of the following x,y positions are expressed in mm). 
39|
Complete dumbbell assembly by manipulating the steering mirror to align the distal end of the tethered DNA molecule with the unattached bead. Once they are in close proximity, attachment will occur.
40|
Confirm distal end capture by moving the steering mirror to verify that the two ends of the DNA molecule are attached to two different beads. Once this confirmation has been achieved, you have made a DNA dumbbell.
41|
Move the DNA dumbbell ~0.25 mm along the y axis to channel 4 (position 0, − 0.875) to destain it by incubation in a buffer that contains a magnesium ion concentration (4 mM Mg(OAc) 2 ) that promotes YOYO-1 release.
42|
Close the excitation shutter to minimize photobleaching and photocleavage of the DNA dumbbell during the destaining process. The destaining process will take 1-5 min, depending on the dye concentration and buffer conditions. For the conditions described here, ~1 min is sufficient to remove most of the dye. ? trouBlesHootInG 43| Set the desired end-to-end distance of the DNA dumbbell to define the extent of DNA coiled structure (Fig. 1e) . If beads of 1 µm of diameter are used, the closest that they can be brought together without the two optical traps affecting one another is 2 µm, center to center.
Dna pairing reaction with reca nucleoprotein filaments • tIMInG variable 44|
Position the DNA dumbbell in the reservoir region of the flow cell by moving ~5 mm along the y axis (position 0, − 5.125).
45|
Close the excitation shutter to minimize photobleaching, and then incubate the DNA dumbbell with the RecA nucleoprotein filaments for the desired reaction time.
46|
Move the trapped DNA dumbbell ~5 mm along the y axis back into channel 4 (position 0, − 0.875).
47|
Extend the DNA dumbbell to 16 µm (distance between the centers of the two beads) to determine the location of any bound RecA nucleoprotein filaments (Figs. 3 and 9c) . For DNA dumbbells made with DNA other than λ DNA, extend the beads to just under the calculated B-form contour length of the DNA. ? trouBlesHootInG ? trouBlesHootInG Troubleshooting advice can be found in table 1.
• tIMInG Timing information on implementing the steps required for flow cell fabrication and performing an RecA-mediated DNA pairing assay on relaxed DNA dumbbells is provided below. This outline rests on the assumption that a fluorescence microscope 
